In the appendicular skeleton substantial evidence demonstrates that somatosensory input from deep tissues including limb muscles and joints elicits somatosympathetic reflexes. Much less is known about the presence and organization of these reflexes from the axial skeleton. We determined if mechanical loading of the lumbar spine and lumbar paraspinal muscle irritation reflexively affects post-ganglionic sympathetic nerve discharge (SND) to the spleen and kidney. In 27 α-chloralose-anesthetized cats the L 2-4 multifidus muscles were injected with the inflammatory irritant mustard oil (20%, 60ul total) and a vertebral load (100% body weight) was applied dorsal-ventral at the L 3 spinous process. Mustard oil injection alone without vertebral loading (n=7) increased mean splenic SND (60%), renal SND (30%), and heart rate (52 bpm). Mustard oil injection accompanied by the vertebral load (n=7) increased mean splenic SND (55%), renal SND (16%) and HR (27 bpm). Blood pressure changes were biphasic and could not account for these changes. When the vertebral load accompanied mustard oil the increases in splenic SND, renal SND, and heart rate remained elevated in a pattern significantly different from when the vertebral load was absent. Vehicle injection combined with the mechanical load (n=3) did not change any of the autonomic responses. Similarly mustard oil injection combined with a mechanical load did not change these responses when either the medial branches of the dorsal rami from T 11 to L 5 had been cut (n=4) nor when the spinal cord had been transected between the 2 nd and 3 rd cervical vertebrae (n=6). The results indicate that inflammatory stimulation of multifidus muscle in the low back evokes a somatosympathetic reflex integrated supraspinally in the upper cervical spinal cord or higher. The reflex's afferent arm travels in the medial branch of the dorsal ramus and its efferent arm can affect sympathetic outflow to the spleen and the kidney as well as HR and BP. A static mechanical load applied to the lumbar spine accompanying the inflammatory stimulus appears to sustain the inflammatory-induced reflex activity.
INTRODUCTION
In the appendicular skeleton substantial evidence demonstrates that somatosympathetic reflexes arise from stimulation of receptive nerve endings in deep tissues including limb muscles and joints.
Contraction of skeletal muscle activates the sympathetic nervous system via a reflex whose afferent arm consists of small diameter, thinly myelinated (Group III) and unmyelinated (Group IV) fibers (Kaufman and Forster 1996) . Group III and Group IV afferents discharge in response to dynamic exercise (Adreani et al. 1997 ), static and intermittent tetanic contractions as well as to twitch contractions (Paintal 1960 ; Kaufman et al. 1983 ; Mense and Stahnke 1983; Hayward et al. 1991; Pickar et al. 1994 ). These types of muscle contraction have been shown to reflexively increase renal adrenal, cardiac and hindlimb sympathetic nerve activity in both anesthetized and decerebrate cats (Gelsema et al. 1985 ; Victor et al. 1989 ; Matsukawa et al. 1990 ; McMahon and McWilliam 1992; Vissing et al. 1994 ; Hill et al. 1996) . In addition to muscle contraction, passive muscle stretch increases cardiac and renal sympathetic nerve discharge (Matsukawa et al. 1990 ; Matsukawa et al. 1992 ). These somatosympathetic reflexes elicited by small diameter afferents in skeletal muscle increase blood pressure, heart rate, and ventilation and are thought to contribute to cardiovascular and respiratory adjustments during exercise (Coote et al. 1971 ;
McCloskey and Mitchell 1972).
Somatosensory input from peripheral synovial joints also contributes to sympathetic control of cardiovascular function (Barron and Coote 1973 ) via a reflex whose afferent arm is comprised of 3 types of sensory fibers innervating the joint capsule: thickly myelinated Group II as well as group III and group IV afferents (Langford and Schmidt 1983) . Passive bicycle pedaling movement of the hindlimbs increases blood pressure, heart rate, and ventilation in the non-anesthetized decerebrate cat (Barron and Coote 1973 ). The responses were significantly reduced after sectioning the nerve supply to the knee joints and abolished after sectioning the nerve supply to the hindlimbs. In the same experiments, similar cardiovascular and respiratory responses were evoked by electrical stimulation of the articular nerve to the knee that activated sensory nerve fibers with conduction velocities of Group III and IV afferents. In the anesthetized rat, movement of the knee joint in its normal working range influences neither heart rate, Final Accepted Version JN-00999-2002.R2 Reflexes from the low back 4 blood pressure, nor inferior cardiac sympathetic nerve activity unless the joint is inflamed or until the knee is rotated beyond its physiological range ; Sato et al. 1985) . Electrical stimulation of the articular nerve to the knee at a strength sufficient to activate group II afferents also elicits a reflex response from the inferior cardiac nerve (Sato et al. 1983) indicating that low and high threshold mechanical input from the knee joint reflexively affects cardiovascular and respiratory control in general and cardiac sympathetic nerve outflow specifically.
In the axial skeleton, very little is known about the reflex relationships between deep paraspinal tissues and the sympathetic nervous system. (Sato and Swenson 1984) directly studied the effects of mechanical input from paraspinal tissues on efferent sympathetic nerve activity concluding that nonnoxious stimuli applied reflexively inhibits the level of sympathetic nerve activity to the kidney and adrenal gland. With paraspinal musculature removed so that somatosensory input was derived presumably from the facet joints, intervertebral discs and/or intervertebral ligaments, they mechanically loaded several vertebrae in the thoracic and lumbar spine by applying a laterally directed force. The short-lasting (30s) mechanical input reflexively decreased by 25-40% the level of renal and adrenal sympathetic nerve activity. The inhibition was partially integrated supraspinally because spinalization reversed the decrease to a 40% increase.
Deep tissues of the lumbar spine, i.e. the low back, are well-innervated (Cavanaugh 1999) . During activities of daily living these paraspinal tissues are likely a constant source of mechanosensory input evoked as the spinal column continuously provides mechanical stability to support external physical loads, transfers loads and bending moments from the head and trunk to the shoulder and pelvis, and helps suspend internal organs (White and Panjabi 1990 ). These functional demands may contribute to the fact that idiopathic low back pain is a common occurrence (Videman and Battie 1996) . Because mechanical derangements of a motion segment and inflammation contribute to low back pain (Schultz et al. 1989;  Saal 1995) we wanted to determine if either segmental loading or muscle inflammation in the low back has reflex consequences on autonomic activity. Because inflammation can augment mechanosensory input via sensitization of Group III and IV mechanoreceptive endings (including silent nociceptive Final Accepted Version JN-00999-2002.R2 Reflexes from the low back 5 endings) and higher order neurons in the dorsal horn (Gillette et al. 1993b; Schaible and Schmidt 1996;  Mense and Simons 2001) we were also interested in the combined effects of mechanical loading and paraspinal muscle inflammation on autonomic activity. We determined whether autonomic responses were reflexive in nature, being due to activation of nerve fibers in the medial branch of the dorsal rami and to integration at spinal or supraspinal levels METHODS Experiments were performed on 27 anesthetized adult cats. All cats were treated in accordance with the Guiding Principles in the Care and Use of Animals approved by the American Physiological Society.
Surgical anesthesia was induced using a mixture of O 2 (5 L/min) and halothane (5%) delivered to a sealed plastic chamber. After induction the cat was removed from the chamber and surgical anesthesia was maintained by delivering O 2 (2 L/min) and 3% halothane through a facemask placed over the cat's nose and mouth. Catheters were placed in a common carotid artery and an external jugular vein to monitor blood pressure or introduce fluids. The trachea was intubated and the cat was ventilated mechanically using a Harvard Respirator (Model 681). End-tidal CO 2 was monitored (CWE, Inc.) and kept at 5%. After the catheters had been positioned and the trachea intubated, the cat was maintained on anesthesia using α-chloralose (initial dose 35mg/kg, additional doses given as needed). Arterial pH, pCO 2 and pO 2 were be monitored using an i-Stat pH/blood gas analyzer (i-Stat Corp.). Arterial blood gas values were maintained within the normal range (pH: 7.32-7.43; pCO 2 : 32-35mmHg; and pO 2 : > 85mmHg). Arterial pH and pCO 2 was corrected by infusing sodium bicarbonate and by adjusting the ventilator; pO 2 is maintained by bleeding 100% O 2 into the ventilator's intake line.
Sympathetic nerve discharge (SND):
The left splenic and renal nerves were exposed and isolated using a retroperitoneal approach. Nerves traveling to the spleen and kidney nerves were identified and placed on bipolar platinum-iridium hook electrodes (uninsulated wire diameter: 0.005"). The nerves were crushed distally using jeweler's forceps to ensure recording of only efferent activity. To prevent fluid from shorting-circuiting the electrodes and to provide mechanical stability, the nerve-electrode interface was covered with a silicone sealant (Kwik-Cast, (WPI). To further prevent mechanical movement of the Final Accepted Version JN-00999-2002.R2 Reflexes from the low back 6 nerve-electrode interface, looping the insulated portion of the electrode wire and attaching it to the overlying muscle introduced slack into the setup. The retroperitoneal opening was sewn shut to prevent the abdominal contents from dessicating. Nerve activity was passed through a high impedance probe (HIP511, Grass), then filtered (30-3000Hz) and amplified (P511, Grass). Nerve activity, blood pressure, and heart rate were monitored on the video display of a TA5000 chart recorder (Gould, OH), printed to the chart recorder and simultaneously digitized (11kHz) by a PC based data acquisition system (Spike 2, Cambridge Electronic Design, Great Britain). Data analysis was performed offline using the data acquisition system. For each cat, post-ganglionic sympathetic nerve activity was differentiated from electrical noise and pre-ganglionic sympathetic nerve activity using the ganglionic blocker hexamethonium (30 mg/kg, iv) (see below, Data management).
Multifidus muscle. The lumbar region was exposed by incising the skin overlying the vertebral column from L 1 -L 6 . To minimize any trauma or injury to the lumbar paraspinal tissues the lumbodorsal fascia was left intact. The lumbar spine was stabilized by fixing the L 1 spinous process and the iliac crests in a Kopf spinal unit. Manual palpation was used to identify the spinous processes of the L 2 , L 3 , and L 4 vertebra. The multifidus muscle at each segmental level originates at the caudal edge of the respective spinous process (Bogduk 1980) . Multifidus muscles on the left side were identified manually as they lie just lateral to the spinous processes.
Injections (mustard oil or mineral oil) into multifidus muscle.
The inflammatory irritant mustard oil 20% v/v, allyisothiocyanate, Fluka) or its vehicle, light mineral oil (Fisher Scientific) was slowly injected. Injections were made at 2 sites in each of the L 2 , L 3 , and L 4 multifidus muscles on the left side.
Injections were identical in volume (2 injections /muscle, 10ul/injection, 60ul total). Injection sites were spaced approximately 5mm apart. Injections were delivered using a 25G needle and were completed within 45-60 seconds.
Mechanical Loading. With the cat prone, a static mechanical load was applied to the L 3 vertebra in a dorsal-ventral direction. The procedure for applying loads to the vertebra has been previously described in detail (Pickar 1999) . Slight modifications were made and the apparatus is briefly described here. Loads
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The system is comprised of a rotary moving-coil motor, an 8 cm long lever arm and an electronic feedback interface. The motor controlled the mechanical load applied at the end of the lever arm and the amount of displacement was measured electronically. A programmable arbitrary waveform generator (Wavetek, Model 39) delivered the command input signal (2V/kg) to the electronic feedback interface.
The lever arm was coupled directly to the spinous process via a vertical shaft that terminated in a pair of adjustable, rat-toothed forceps. The forceps were attached to the L 3 spinous process. The forceps were narrow requiring only a thin, narrow, slit (approximately 2 mm long) along either side of the L 3 spinous process for attachment. The forceps were clamped tightly onto the lateral surfaces of the L 3 spinous process. Little of the multifidus muscle is detached from the vertebra using this method because most of the muscle fibers attach to the spinous process via a tendinous insertion onto the caudal edge of the spinous process. Only a small portion of the multifidus muscle inserts onto the lateral surface of the lumbar spinous processes (Bogduk 1980) . During vertebral loading, motions of the adjacent vertebra were not measured. Because the adjacent vertebrae were not fixed, they were free to produce coupled motions.
The load applied dorsal ventrally was intended to simulate lumbar extension. The mechanical system delivered ramp and hold loads. The magnitude of each load was 100% of the cat's body weight. Each load lasted 20 minutes.
Peripheral nerve transection (medial branch of dorsal ramus).
The medial branch the dorsal ramus innervates the medial-most paraspinal tissues, including multifidus muscles and facet joints (Bogduk 1976) . In experiments where peripheral nerve transection was performed (Experiment 4 in Results) each medial branch from T 11 to L 5 was located near the root of the left superior articular pillar of T 12 -L 6 , respectively. The medial branch was cut completely at least 1 hour prior to the start of all protocols for Experiments and protocols. Five groups of cats were used, each group comprising a different experiment ( Figures 2, 4-7) . In all experiments, splenic SND, renal SND, heart rate, and blood pressure were monitored and effects on these variables analyzed. The five experiments were used to determine the following and are presented in the results section in the following order: 1) the effect of intramultifidus mustard oil injection, 2) the effect of intramultifidus mustard oil injection combined with a mechanical load placed on the spine at the L 3 Data management. Nerve activity was digitized (11.1 kHz) using a PC based data acquisition system (Spike 2, Cambridge Electronic Design). Data analysis was performed offline using Spike 2 software. All nerve activity was full-wave rectified and integrated (τ=10ms). Integrated nerve activity, blood pressure, and heart rate were averaged over 25 second intervals and the mean of each interval placed in a 25-second bin ( Figures 2, 4-7) . At the end of the Injection Protocol, hexamethonium was injected and mean renal and splenic nerve discharge during a 25-second interval was measured in each cat. Integrated postganglionic sympathetic nerve discharge was obtained in each cat by subtracting the residual electrical activity following hexamethonium injection from the mean in each of the 25-second bins.
Statistical analysis. In each experiment, splenic SND, renal SND, heart rate and blood pressure were analyzed. Analyses were performed on the binned data. Each of the 3 time intervals within an experiment was analyzed separately. Each interval was evaluated within a protocol x time factorial within subjects design, where "within subjects" refers to repeated measurements across time and in animals exposed to both the Control and Injection Protocols. Because a fundamental assumption in repeated measures designs is that the measurements themselves are not affecting responses, the baseline interval phase was evaluated for both protocol and protocol x time effects. Significant effects were considered reasonable arguments for violation of the assumption. If no significant protocol and/or protocol x time effects were observed in the baseline interval for any of the responses, then both the intervention and post-intervention intervals were evaluated for each of the four responses using the same protocol x time factorial design. If significant protocol or protocol x time effects were observed for a response, then, for that response, the protocol x time factorial experiment was analyzed using analysis of covariance with the covariate being the mean protocol value measured during the baseline interval for that response. Since evaluation for significant protocol and/or protocol x time effects in the baseline interval were testing for assumptions of no effects associated with repeated assessments, type I error rate was set at 0.10 to increase statistical Intervention Interval. Mustard oil produced no significant changes in any of the response measures nor were there any significant interaction effects except for HR (p<0.0006). The interaction's form indicated that HR slowly and slightly increased during the Control Protocol whereas it remained relatively constant during the Injection Protocol. This effect is seen in Figure 6 as an increasing negative mean difference during the intervention interval. Intervention Interval. Mustard oil produced no significant change in any of the adjusted response measures. No significant interaction effects were observed for splenic SND or BP. A significant interaction effect was observed for renal SND (p<0.0001) and HR (p<0.0001). The interaction's form indicated that for both renal SND and HR each slowly and slightly increased during the Control Protocol and slowly and slightly decreased during the Injection Protocol. This effect is seen in Figure 7 as an increasing negative mean difference during the intervention interval.
Post-Intervention Interval. Removing the mechanical load produced no significant protocol main effect nor interaction effect for any of the 4 autonomic responses.
DISCUSSION
The purpose of this study was to determine if somatosensory input from lumbar paraspinal tissues reflexively affects sympathetic nerve discharge. Specifically, chemosensory input from the multifidus muscle was elicited by unilaterally injecting mustard oil into the muscle at the 2 nd , 3 rd , and 4 th lumbar vertebra. Mechanosensory input was elicited from the lumbar spine using a static load of 100% body weight applied at the L3 spinous process for 20 minutes. The force translated the L3 vertebra ventralward
Final Accepted Version JN-00999-2002.R2 Reflexes from the low back 16 in a range from 3.5 -8.0 mm. The vertebral load alone did not affect splenic SND, renal SND, heart rate, or blood pressure (Control Protocol of Experiments 2 and 3). However, when combined with mustard oil (Experiment 2) the vertebral load increased mean splenic SND by 55%, mean renal SND by 16%, and heart rate by 27 bpm. Mustard oil injection alone without the vertebral load (Experiment 1) increased mean splenic SND by 60%, renal SND by 30%, and heart rate by 52 bpm. The pattern of mustard-oil induced increases over time was different depending upon the presence of a vertebral load. In the load's presence (Experiment 2) mustard-oil induced increases in splenic SND, renal SND and the initial increase in blood pressure were maintained longer whereas the increases slowly fell toward levels of the Control Protocol.in the load's absence (Experiment 1). Heart rate showed a similar pattern even during the postintervention interval.
These changes were evoked specifically by mustard oil because injection of its vehicle, mineral oil, did not affect any of the autonomic responses. In addition, the responses were mediated neurally and not by a circulating factor evoked by the injection. They were initiated by a reflex whose afferent arm traveled in the medial branch of the dorsal ramus because cutting this nerve abolished the mustard oilinduced increases. A supraspinal component within or cranial to the upper cervical spinal cord contributed to the reflex pathway because transecting the spinal cord at C 2-3 abolished the increases.
The magnitude of the mustard-oil induced increases in mean renal but not splenic SND were substantially lower in Experiment 2 versus Experiment 1 (renal SND: 16% vs 30% and splenic SND 55% vs 60%, respectively). Similarly, the mustard oil induced increase in heart rate during Experiment 2 was approximately half of the increase during Experiment 1(27 bpm vs 55 bpm). These observations might suggest that vertebral loading during paraspinal muscle irritation differentially affects reflex control of heart rate, renal and splenic sympathetic outflows, mitigating the mean increases in the former two. The possibility exists that the 16% increase in renal SND was not statistically significant due to variability in sympathetic nerve recordings and inadequate power for this response variable from the conservative number of cats used in this study. The functional significance of even small increases in SND to a target organ has not yet been determined. Nonetheless, the mechanical load in combination with mustard oil Final Accepted Version JN-00999-2002.R2 Reflexes from the low back 17 sustained the smaller, non-statistically significant changes in renal SND in a pattern similar to the pattern of changes in splenic SND, heart rate and blood pressure.
Previous studies in the rat indicate that innocuous mechanical stimuli applied to the thoracic or lumbar spine reduce or are without cardiovascular or sympathetic effects (Sato and Swenson 1984; Budgell et al. 1995) . In rats, short lasting (30s) lateral flexion of the lower thoracic or upper lumbar spine with its paraspinal muscles removed reflexively produces short-lasting decreases in blood pressure, heart rate, renal SND, and adrenal SND. The ~50-85% decrease in SNDs was graded with the magnitude of the mechanical load (Sato and Swenson 1984) . While these laterally applied mechanical loads ranged between 0.5-3 kg and were considered innocuous, they represent loads of 166-1000% BW (assuming an average rat body weight of 300gm). But, it is not known if loads of this magnitude moved the facets joints outside their physiological range, a criteria that has been used previously to define a noxious load, for example in the knee joint . In a previous study of the rabbit lumbar spine, axial loads were considered noxious when they reached 500% BW (Avramov et al. 1992 ). Using an alternative method for delivering an innocuous mechanical stimulus, (Budgell et al. 1995 ) injected a small volume (20ul) of physiological saline into the lumbar and thoracic facet joints or midline interspinous tissues which produced small but statistically significant decreases in arterial blood pressure lasting 30-45s. The injections had no measurable effect on adrenal nerve activity or catecholamine secretion. Our observations in the cat support the conclusion that a relatively long innocuous shear force applied to a lumber vertebra is without effect on resting heart rate, blood pressure, or sympathetic output to the spleen or kidney.
In contrast to these mechanical studies, noxious chemical stimuli applied to the thoracic tissues increase sympathetic outflow, but the relationship may depend upon the paraspinal tissue stimulated.
Injecting the C-fiber stimulant capsaicin into the midline interspinous tissues increases adrenal nerve activity (70-80%), catecholamine secretion (140% on average), and blood pressure (30%) (Budgell et al. 1995; Budgell et al. 1997 ). However, similar injections into the lumbar facet joint produce a depressor response (Budgell et al. 1995) . When the inflammatory mediator bradykinin is injected into the abdominal aorta, splenic and renal SND reflexively increase (104% and 18%, respectively) (Weaver et al. 1984 
region and from abdominal viscera because both femoral arteries were catheterized occluding circulation to hindlimb muscles. Consistent with this interpretation, the current experiments demonstrated that inflammatory stimulation of lumbar multifidus muscles differentially and reflexively increased the magnitudes of splenic and renal SND.
Injecting the inflammatory irritant mustard oil in the multifidus muscle increased splenic and renal SND, and HR for at least 20 minutes. Intra-articular mustard oil produces tissue inflammation, intensely activates high threshold C-fibers and facilitates the somato-somatic flexion reflex (Woolf and Wall 1986 ).
The facilitation outlasts the C-fiber input and is due to excitability changes in dorsal horn neurons (Woolf and Wall 1986; Cook et al. 1987) . Similarly, intramuscular (masseter muscle) mustard oil injection produces prolonged increases in the spontaneous activity and alters mechanical thresholds of brainstem trigeminal neurons (Hu et al. 1992 ). Together, these findings suggest that the long lasting somatosympathetic reflex responses evoked by mustard oil injection into the lumbar multifidus muscle could be maintained by neuroplastic changes in the central nervous system. Surprisely though, the long lasting increases in our experiments were not accompanied by increased response magnitudes when mechanical stimulation accompanied the mustard oil injection compared with mustard oil alone. Possible reasons could include segmental interactions in excitatory and inhibitory pathways activated by the combined afferent input from paraspinal tissues exposed and not exposed to mustard oil, as well as from modulation via pathways within or cranial to the upper cervical spinal cord, demonstrated in this study as necessary for expression of the reflex response.
The mechanical force applied to the lumbar spine was non-specific and potentially loaded a variety of paraspinal tissues including joints ligaments and muscles, and intervertebral disc. (Pickar and McLain 1995) . Substance P decreases by 30% the von Frey threshold of afferents in and around the lumbar facet joints, suggesting that paraspinal inflammation reduces mechanical thresholds of the receptive endings . Indeed, carrageenan induced inflammation of the lumbar facet joint capsule and adjacent tissues (after removing the overlying multifidus muscles) increases the background discharge and mechanical sensitivity of group II, III and IV afferents and recruits previously silent group II, III and IV afferents with receptive endings in and around the facet joint capsule (Ozaktay et al. 1994 ). In peripheral skeletal muscle, the presence of inflammatory metabolites (eg bradykinin and metabolites of the cyclooxygenase pathway) increases the mechanical sensitivity of group III and IV muscle afferents to muscle contraction (reviewed in (Kaufman and Forster 1996) . However, to our knowledge, neither the presence of inflammatory-induced changes in mechanoreceptor sensitivity to passive muscle stretch nor the presence of silent mechanonociceptors in skeletal muscle have yet been Reflexes from the low back 20 tissues of the lumbar spine, the hip and proximal leg (Gillette et al. 1993b) . It is reasonable to suggest that the wide dynamic range neurons, receiving innocuous mechanical input from group III and IV neurons (Cavanaugh et al. 1989; Yamashita et al. 1990; Avramov et al. 1992; Pickar and McLain 1995) summate with noxious chemical input due to the inflammatory irritant mustard oil.
While the increases in heart rate and SND after mustard oil injection likely evoked the initial rise in blood pressure (Figures 2 and 4) the mechanism underlying the biphasic change in blood pressure is not clear. At least 2 possibilities require consideration. The spleen might have contributed to the depressor effect by storing more blood volume, but storage is inconsistent with the increase in sympathetic discharge (Greenway et al. 1968 ). In addition, the volume of blood stored by the spleen in cat is small 
